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The strong-coupling mode, called “quasimode”, will be excited by stimulated Brillouin scattering
(SBS) in high-intensity laser-plasma interaction. And SBS of quasimode will compete with SBS of
fast mode (or slow mode) in multi-ion species plasmas, thus leading to a low-frequency burst behavior
of SBS reflectivity. The competition of quasimode and ion-acoustic wave (IAW) is an important
saturation mechanism of SBS in high-intensity laser-plasma interaction. These results give a clear
explanation to the low-frequency periodic burst behavior of SBS and should be considered as a
saturation mechanism of SBS in high-intensity laser-plasma interaction.
Backward stimulated Brillouin scattering (SBS), a
three-wave interaction process where an incident elec-
tromagnetic wave (EMW) decays into a backscattered
EMW and a forward propagating ion-acoustic wave
(IAW), leads to a great energy loss of the incident laser
and is detrimental in inertial confinement fusion (ICF)
[1–3]. Therefore, SBS plays an important role in the
successful ignition goal of ICF. Multiple ion species are
contained in the laser fusion program [4]. In the indirect-
drive ICF [2, 3] or the hybrid-drive ignition [1], the in-
side of hohlraum will be filled with low-Z plasmas, such
as H or CH plasmas from the initial filled material or
from the ablated material off the capsule. Typically, in
hybrid-drive ICF, the laser intensity can reach as high
as I0 ∼ 1016W/cm2, the strong-coupling modes will be
excited by SBS. The stimulated scattering process in
this regime is referred to as SBS in the strong coupling
regime or in the quasimode regime. [5, 6] The quasi-
mode or the strong-coupling mode refers to the modified
low-frequency mode involved in the three-wave process,
while the electrostatic mode refers to a natural mode of
the system in the absence of the pump wave. The burst
behavior of SBS reflectivity is universal in high-intensity
laser-plasma interaction, however, the cause is not clear
and require the explanation. Besides, understanding the
excitation of different IAW modes and competition be-
tween SBS of different modes under the condition of high-
intensity laser plasma interaction is vital to predict SBS
laser energy losses and to improve the energy coupling
into the fusion capsule.
Many mechanisms for the saturation of SBS have been
proposed, including frequency detuning due to particle
trapping [7], coupling with higher harmonics [8, 9], in-
creasing linear Landau damping by kinetic ion heating
[10, 11], the creation of cavitons in plasmas [12, 13] and so
on. However, the burst behavior of SBS in high-intensity
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laser-plasma interaction is confusing and has not been ex-
plained well, which may be a potential saturation mech-
anism of SBS.
In this paper, we report the first demonstration that
the strong-coupling mode or quasimode will be excited by
SBS and will coexist and compete with the IAW in the
high-intensity laser-plasma interaction. The competition
between SBS of IAW and SBS of quasimode will lead
to the low-frequency burst behavior of SBS reflectivity
and decrease the total SBS reflectivity. Therefore the
competition of quasimode and IAW excited by SBS is an
important saturation mechanism of SBS in high-intensity
laser-plasma interaction.
The wave number of IAW excited by backward SBS
can be calculated by
kAλDe ≃ 2vte
c
√
nc/ne − 1, (1)
where vte =
√
Te/me is the electron thermal veloc-
ity, ne, Te,me is the density, temperature and mass of
the electron. Considering fully ionized, neutral, unmag-
netized plasmas with the same temperature of all ion
species (TH = TC = Ti), the linear dispersion relation
of the ion acoustic wave in multi-ion species plasmas is
given by [14–16]
ǫ(ω, k = kA) = 1 + χe +
∑
β
χiβ = 0, (2)
where χe is the susceptibility of electron and χiβ is the
susceptibility of ion β.
When the strong pump light interacts with plasmas,
the strong-coupling mode will be generated, which will
grow with time but not be damped and is called quasi-
mode. The dispersion relation of quasimode in strong
pump light is given by [17, 18]
ǫ(ωA, kA) =
k2Av
2
os
4
χe(1 +
∑
β
χiβ)(
1
D−
+
1
D+
), (3)
where D− ≡ D(ωA−ω0, kA−k0), D+ ≡ D(ωA+ω0, kA+
k0), and D(ω, k) = k
2c2 + ω2pe − ω2.
2Re(ω)[ωpe]
Im
(ω
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FIG. 1. (Color online) Contours of solutions to the dispersion
relations of (a) the fast IAW mode and the slow IAW mode
without pump light, (b) the quasimode with strong pump
light I0 = 1×10
16W/cm2. Where the red line is Re[ǫ] = 0 and
the blue line is Im[ǫ] = 0. The conditions are: Te = 5keV ,
Ti = 0.2Te, ne = 0.3nc and kAλDe = 0.3 in C2H plasmas.
Under the condition of Te = 5keV , ne = 0.3nc, one can
obtain the wave number of the IAW kAλDe = 0.3 from
Eq. (1). By solving Eq. (2) and Eq. (3), the contours
of solutions of the IAWs without pump light and with
strong pump light are shown in Fig. 1 under the con-
dition of Ti = 0.2Te, kAλDe = 0.3. Although there are
infinite solutions of the IAW as shown in Fig. 1, the mode
with the least Landau damping (|Im(ω)|) will be prefer-
entially excited in SBS. There exist two groups of modes
called “the fast mode” and “the slow mode” in multi-
ion species plasmas as shown in Fig. 1(a). Here, the
fast mode and the slow mode refer to the least damped
mode belonging to each class of modes. When strong
pump light interacts with plasmas, the quasimode will
be excited. As shown in Fig. 1(b), the imaginary part
of quasimode frequency is positive, which illustrates that
the quasimode is a growing mode.
An one dimension in space and one dimension in veloc-
ity (1D1V) Vlasov-Maxwell code [19] is used to research
the quasimode excited by SBS in multi-ion species plas-
mas. We choose the high-temperature and high-density
region as an example, the electron temperature and elec-
tron density are Te = 5keV , ne = 0.3nc, where nc is the
critical density for the incident laser. The electron den-
sity is taken to be higher than 0.25nc, thus the stimulated
Raman scattering [20] and two-plasmon decay instability
[21, 22] are excluded. The C, C2H, CH, H plasmas are
taken as typical examples since they are common in ICF
[1, 3]. The ion temperature is Ti = 0.2Te. The lin-
early polarized laser intensity is I0 = 1 × 1016W/cm2
with wavelength λ0 = 0.351µm. The spatial scale is [0,
Lx] discretized with Nx = 5000 spatial grid points and
spatial step dx = 0.2c/ω0. And the spatial length is
Lx = 1000c/ω0 ≃ 160λ0 with 2 × 5%Lx vacuum layers
and 2 × 5%Lx collision layers in the two sides of plas-
mas boundaries. The plasmas located at the center with
density scale length L = 0.8Lx are collisionless. The in-
cident laser propagates along the x axis from the left to
the right with outgoing boundary conditions. The strong
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FIG. 2. (Color online) The frequency spectra of Ey with the
time scope t ∈ [0, 1×105]ω−1
0
at x0 = 25c/ω0. The parameters
are ne = 0.3nc, Te = 5keV, Ti = 0.2Te, I0 = 1 × 10
16W/cm2
in C2H plasmas as the same as Fig. 1(b).
TABLE I. The frequencies of different modes and correspond-
ing scattering lights. The conditions are: Te = 5keV , Ti =
0.2Te, ne = 0.3nc, kAλDe = 0.3, and I0 = 1× 10
16W/cm2 in
C2H plasmas.
Mode
Theory Simulation
ωA/[10
−3ω0] ωs/ω0 ωs/ω0
fast mode 2.7 0.9973 0.9972
slow mode 1.9 0.9981 \
quasimode 3.8 0.9962 0.9966
collision damping layers are added into the two sides of
the plasmas boundaries (2× 5%Lx) to damp the electro-
static waves such as IAWs at the boundaries and decrease
the effect of sheath field. The electron velocity scale
[−0.8c, 0.8c] and the ion velocity scale [−0.03c, 0.03c] are
discretized with 2Nv+1 (Nv = 512) grid points. The to-
tal simulation time is tend = 1× 105ω−10 discretized with
Nt = 5× 105 and time step dt = 0.2ω−10 .
Figure 2 shows the spectra of the SBS scattering lights
in the case of C2H plasmas. Calculated by Vlasov sim-
ulation, the two peak frequencies of scattering lights in
C2H plasmas are ωs = 0.9972ω0, 0.9966ω0. Calculated
from Eq. (2) and Eq. (3), the frequency of the fast mode
is ωf = 4.98 × 10−3ωpe = 2.73 × 10−3ω0, the frequency
of the slow mode is ωs = 3.49× 10−3ωpe = 1.9× 10−3ω0
and the frequency of the quasimode with pump light I0 =
1× 1016W/cm2 is ωq = 6.98× 10−3ωpe = 3.82× 10−3ω0.
Therefore, the corresponding theoretical frequencies of
SBS scattering lights of the fast mode, the slow mode and
the quasimode are ωs = 0.9973ω0, 0.9981ω0, 0.9962ω0.
The theoretical and simulation results are shown in Tab.
I. Compared to the theoretical frequencies, we can see
that the two peaks of the SBS scattering lights in Fig. 2
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FIG. 3. (Color online) (a) The SBS reflectivities of different
modes evolve with time. Where SBS is the total SBS with
the frequency scope ω ∈ [0.9ω0, 0.999ω0], SBS of fast mode
with ω ∈ [0.9968ω0 , 0.9977ω0] and SBS of quasimode with
ω ∈ [0.9960ω0 , 0.9968ω0]. (b) The reflectivity and the trans-
mitivity of the total SBS. The condition is as the same as Fig.
2.
are indeed the SBS of fast mode and SBS of quasimode.
Figure 3 gives the SBS reflectivities of fast mode
and quasimode evolution with time. As shown in Fig.
3(a), the SBS of fast mode will develop quickly before
∼ 1×104ω−10 and saturate during t ∈ [1×104, 3×104]ω−10 .
In this stage, the total SBS reflectivity (blue line in Fig.
3(a)) is from the SBS of fast mode. After 3 × 104ω−10 ,
SBS of quasimode will develop and compete with SBS of
fast mode, which will lead to the burst behavior of the to-
tal SBS reflectivity. The SBS of fast mode demonstrates
an obvious decrease when the SBS of quasimode devel-
ops to the peak amplitude during [3 × 104, 6 × 104]ω−10 .
After 6 × 104ω−10 , there is the contradictory trend be-
tween the SBS of fast mode and the SBS of quasimode,
which illustrates the competition of corresponding SBS
of two modes. The period of the total SBS reflectivity
recurrence is TR = 7.501 × 104ω−10 − 6.494 × 104ω−10 =
1.007× 104ω−10 calculated from two peaks of the SBS re-
flectivity as shown in Fig. 3(a), thus the frequecy of SBS
reflectivity recurrence is ωR = 1/TR = 9.93 × 10−5ω−10 .
In the same way, the period of SBS of fast mode is
Tf = 2.031×104ω−10 and the period of SBS of quasimode
is Tq = 2.126× 104ω−10 . Thus, the sum of two periods is
ωf+ωq = 1/Tf+1/Tq = 9.63×10−5ω−10 , which is close to
the period of SBS reflectivity recurrence TR. This illus-
trates that the burst behavior of SBS reflectivity is as a
result of competition between SBS of fast mode and SBS
of quasimode, and the recurrence period of SBS reflectiv-
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FIG. 4. (Color online) The SBS reflectivities in different
species plasmas evolve with time.
ity burst comes from the sum of two periods of SBS of fast
mode and SBS of quasimode. Fig. 3(b) demonstrates the
total reflectivity and transmitivity of the SBS. Since the
burst behavior of the total reflectivity of SBS will occur
due to the competition between SBS of fast mode and
SBS of quasimode, the transmitivity will demonstrate a
same burst behavior which is complementary to the SBS
reflectivity after 3× 104ω−10 . Therefore, the competition
between SBS of fast mode and SBS of quasimode is an
important factor on the burst behavior of SBS and the
nonlinear saturation of SBS.
Figure 4 demonstrates the SBS reflectivities in differ-
ent species plasmas. In stage I, the SBS reflectivities
will develop and then saturate at a nearly fixed level. In
stage II, when different modes such as the fast IAW mode
and quasimode are excited in SBS in our simulation con-
dition, other modes such as slow IAW mode, ion bulk
(IBk) mode [23] could be excited in SBS in some con-
ditions, the competition among SBS of different modes
will lead to the low-frequency burst behavior of SBS re-
flectivity. With the rate of C to H increasing, from Fig.
4(a) to Fig. 4(d), the Landau damping of IAW will de-
crease and the SBS growth rate and SBS reflectivity will
increase. As a result, the beginning time of stage II will
be earlier. However, for C plasmas, the Landau damping
of IAW is very low and the gain of SBS is very high in
the condition of I0 = 1 × 1016W/cm2, the SBS cascade
will occur in stage III. [24] The low-frequency burst in
stage II is due to the competition among SBS of different
modes, while the high-frequency burst in stage III is as a
result of SBS cascade. These results in Fig. 3 give a clear
explanation of the low-frequency burst behavior in SBS,
which is common phenomena of SBS in high-intensity
laser-plasma interaction.
Figure 5(a) gives the linear growth and saturation pro-
cess of SBS in the early stage, in which the condition is as
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FIG. 5. (Color online) (a) The early linear stage of SBS in
different species plasmas. (b) The relation between the SBS
reflectivity and SBS gain in different species plasmas. Where
the gains in multi-ion species plasmas, such as CH and C2H
plasmas, are calculated by the kinetic theory, and the gains in
single-ion species plasmas, such as H and C plasmas, are cal-
culated by the fluid theory. The SBS reflectivities by Vlasov
simulation take the values at t = 1.3× 104ω−1
0
.
the same as Fig. 4. We can see that the SBS in C plasmas
increases the most quickly among the four cases, while
the growth rate of SBS in H plasmas is the slowest and
the saturation level is the lowest. With the rate of H to C
in the plasmas increasing, the growth rate and saturation
level will decrease obviously, which is because of increase
of the IAW Landau damping. According to Fig. 5(a), the
SBS reflectivity values at the time of t = 1.3×104ω−10 are
chosen as the saturation values, which is shown in Fig.
5(b), because they are stable at this time. The linear
gain of SBS by fluid theory is given by
G = 2
γ20B
νAvgs
L, (4)
where
γ0B =
1
4
√
ne
nc
v0
vte
√
ω0ωA (5)
is the maximum temporal growth rate of SBS [25, 26],
v0 = eA0/mec is the electron quiver velocity. vgs =
c2ks/ωs is the group velocity of SBS scattering light, L
is the plasmas density scale length, ωA ≡ Re(ωA) and
νA ≡ |Im(ωA)| are the frequency and Landau damping
of IAW. The collision damping of IAW can be neglected
since the electron temperature is as high as Te = 5keV
in our simulation, thus only the Landau damping of IAW
is considered. For single-ion species plasmas, such as H
or C plasmas, the gain of SBS can be calculated by the
fluid theory. However, for multi-ion species homogeneous
plasmas, the SBS gain can be calculated by the kinetic
theory [26]:
G(ωs) =
1
4
k2Av
2
0L
vgsωs
Im(
χe(1 +
∑
i
χi)
ǫ(ks − k0, ωs − ω0) ), (6)
which is more precise than fluid theory. Where sub-
scripts 0, s, A represent the pump light, SBS scatter-
ing light and IAW. Under the strong damping condition
νA/γ0B ∗
√
vgs/vgA ≫ 1 [27], one can get the Tang model
[28]:
R(1−R) = ε{exp[G(1 −R)]−R}, (7)
where R is the reflectivity of SBS at the left boundary,
and ε is seed light at the right boundary. If R ≪ 1, the
Tang model can be approximate to the seed amplification
equation:
R = ε · exp(G). (8)
Although the strong damping condition in C plasmas
or C2H plasmas is not satisfied, the Tang model can also
be applied to predicting the SBS reflectivity in the lin-
ear saturation stage. As shown in Fig. 5(b), the SBS
reflectivities in different species plasmas are close to the
Tang model. And the seed amplification equation can
not be applied to predicting the SBS reflectivities in the
condition of strong pump light, since the SBS reflectivity
R is not much lower than 1. Figure 5 shows the linear
process, including linear growth and saturation process,
in which the linear theory such as Tang model is appli-
cable. However, in the nonlinear process, such as stage
II and stage III in Fig. 4, the burst behavior will occur
and the nonlinear saturation mechanism of SBS has been
explained in this paper.
In conclusions, quasimode will be excited by SBS in
high-intensity laser-plasma interaction, which will com-
pete with the IAW excited by SBS. The competition
between SBS of quasimode and SBS of fast mode in
C2H plasmas demonstrates that this competition mech-
anism is the cause of the low-frequency burst behavior of
SBS. In different species plasmas, the same low-frequency
burst behavior will occur, which illustrates that the com-
petition mechanism is common in high-intensity laser-
plasma interaction no matter what the plasmas are.
These results also give a good explanation of the inter-
mediate low-frequency burst and saturation process in C
plasmas.
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